Fresh mantle xenoliths represent an exceptional opportunity to directly access Earth's interior. In particular, magnetic signals carried by upper mantle xenoliths may provide the only opportunity to determine the depth of remanent magnetization below the Moho boundary. In recent years, the nature, intensity and magnetic properties of the magnetic signal have been characterized by measurements of the 0020 induced magnetization in hysteresis loops. The natural remanent magnetization (NRM) intensity, despite providing the first indication of the magnetic nature of magnetite inclusions, has not been studied in detail. This study focusses attention on the number of recorded NRM directions and characteristics of the anhysteretic remanent magnetization (ARM) and saturation isothermal remanent magnetization (SIRM) demagnetization spectra. A collection of 17 extremely fresh mantle xenoliths has been subjected to AF demagnetization, characterizing samples with one, two or three populations of remanence carriers, with differing coercivities, that are potential carriers of magnetization at mantle depths.
Introduction
Interest in the magnetic properties of mantle materials was sparked by the first Magsat satellite mission. Early works focussed on demagnetization of mantle xenoliths by classical paleomagnetic techniques (Wasilewski, 1987; Wasilewski and Mayhew, 1992; Wasilewski et al., 1979) and continued with correlations between the optical microscopy, compositional analyses of the iron-bearing phases and magnetic properties Wasilewski, 1995, 1997) .
The magnetic minerals identified in mantle xenoliths were considered to be above their Curie temperature at the equilibration depth, and therefore in a paramagnetic state in situ (Wasilewski and Mayhew, 1992; Wasilewski et al., 1979) , until recently (Al-Malabeh et al., 2009; Ferré et al., 2013) . However, the re-examination of the magnetic state of the upper mantle leads to new interests in the magnetic mineralogy of this part of the Earth lithosphere (Ferré et al., 2014) .
The Natural Remanent Magnetization (NRM) of mantle xenoliths does not represent a remanent magnetization of the mantle but a later Thermomagnetic Remanent Magnetization (TRM) acquired during the eruption process. Therefore the presence of more than one NRM component does not necessary imply the presence of alteration but could be accounted by i) different characteristics of the magnetic carriers and/or ii) multi-stage uplift processes.
This work analyses the Alternating Field (AF) demagnetization of the NRM and two artificially applied laboratory-controlled magnetizations in a collection of 17 extremely fresh mantle xenoliths from two localities, Hawaii and the Massif Central. This work reports new properties of some of the samples reported by Ferré et al. (2013) and samples from the same collection not included in their work. This paper presents for the first time Zijderveld plots of NRM in mantle xenoliths that allow a correlation between thermal and coercivity spectra of the natural magnetization. The coercivity distribution has been fully additionally characterized by modelling the demagnetization of Anhysteretic Remanent Magnetization (ARM) and Saturation Isothermal Remanent Magnetization (SIRM).
Magnetic measurements and samples description
Two suites of petrologically well-studied mantle xenoliths have been analysed for this work. All samples were selected from the interior Tectonophysics 624-625 (2014) [24] [25] [26] [27] [28] [29] [30] [31] saw blades.
Samples include 8 specimens from the Salt Lake crater on Oahu island, Hawaii (USA) (Sen, 1988) . Thermobarometry of the garnetspinel xenoliths in this setting estimates a mean depth of 60 km (Sen et al., 2005) . A second selection of pristine xenoliths studied includes 9 specimens from anorogenic intra-plate volcanic rocks presented at the Massif Central (France). These samples have been characterized in major and minor trace elements (Lenoir et al., 2000) and are of particular interest in terms of rock magnetism due to the high S content (Ferré et al., 2013; Lorand et al., 2003) . A more detailed description of these samples and their geological framework can be found in Ferré et al. (2013) , who importantly found that magnetite is the only significant carrier of remanent magnetization in these samples.
Low field magnetic susceptibility has been measured in a KLY4S susceptibility bridge, manufactured by AGICO, in all the samples.
The Natural Remanent Magnetization (NRM) of all samples has been demagnetized by the Alternating Field (AF) protocol in a 2G-755 Superconducting Magnetometer. The NRM vector has been cleaned by this non-destructive method by using 1 mT steps up to 10 mT and further 10 mT steps up to a 120 mT (e.g., Butler, 1992; Tauxe, 2010) . Magnetization vector directions have been graphically inspected by projecting the NRM into two-dimensional projections (Zijderveld plots) in order to check for the number of magnetizations registered in the xenoliths (Zijderveld, 1967) .
After complete removal of the NRM by AF demagnetization an Anhysteretic Remanent Magnetization (ARM) of 100 μT DC field and 100 mT peak alternating field has been applied along the samples' coordinate Z direction to some selected samples from the two localities (Collinson, 1983; Stacey and Banerjee, 1974) . The artificial ARM vector has been further demagnetized by AF magnetic cleaning following the same demagnetization steps used for the NRM. ARM magnetization and AF demagnetization has been applied and measured also in a 2G-755 Superconducting Magnetometer.
A Saturating Isothermal Remanent Magnetization (SIRM), acquired in 2 T, has been further applied to some selected samples with a M2T-1 pulse magnetizer manufactured by Ferronato (Collinson, 1983; Stacey and Banerjee, 1974) . The SIRM acquired has been AF demagnetized in a 2G-755 Superconducting Magnetometer with the previously described demagnetization protocol.
The magnetic particles have also been characterized by analysing the ARM and SIRM coercivity spectra, after converting the AF demagnetization curves into the corresponding remanence acquisition curve in order to estimate the coercivity of each magnetic population. For both artificial fields the coercivity spectra have been fitted into a series of log-Gaussian distribution curves following the procedure outlined by Kruiver et al. (2001) . The median destructive field (B 1/2 ) and dispersion parameter (DP) of each coercivity component for ARM and SIRM have been correlated to the number of NRM components at each sample.
Results

NRM analysis
Initial values of the NRM for the 17 studied xenoliths are compiled in Table 1 . Values are of the same order of magnitude as data already reported for mantle xenoliths (Ferré et al., 2014; Friedman et al., sumitted for publication; Warner and Wasilewski, 1995) (Table 1) .
The AF demagnetization analysis of the NRM vector shows three different behaviours independently of the setting (Table 1) . Eight samples display a single NRM component over the full coercivity range (Fig. 1a and Fig. 1b) . Five presented two separate NRM components, the first one demagnetizing at a maximum AF peak field 10-15 mT and a second component that demagnetizes at a maximum field higher than 120 mT with almost no overlap between them ( Fig. 1c and d ). Four samples also display two NRM components with overlapping coercivity spectra ( Fig. 1e and f). One sample (RP3) exhibits noisy behaviour above 40 mT and does not demagnetize completely (Fig. 1g ). Fig. 2 shows the normalized NRM decay plot for all the studied xenoliths. The demagnetization curve in samples where more than one NRM component has been observed is computed following the Vector Difference Magnitude (VDM) procedure (Gee et al., 1993) . Demagnetization plot is very similar in both settings in terms of shape of the demagnetization plot. The majority of the Hawaiian samples have a lower median destructive field (MDF), than the majority of the Massif Central samples. MDF is the field necessary to demagnetize half of the initial NRM (Dunlop and Özdemir, 1997) . The median destructive field ranges from 5 to 30 mT in Hawaiian samples ( Fig. 2a) and from 10 to 40 mT in samples from the Massif Central (Fig. 2b) , reflecting a slightly harder remanence in the second location.
ARM demagnetization by AF
A weak ARM with a maximum DC field of 100 μT has been applied to four samples from the Hawaiian collection and three samples from the Table 1 Sample location, NRM intensity of all studied sample and number of identified components (ov. meaning that the number of components presents a certain degree of coercivity overlapping), low field mass susceptibility, ARM intensity and SIRM intensity of selected samples. Number of NRM components with * indicates samples for which there is a component along the sample coordinate either at low coercivities (suspected to be acquired in the cutting process) or at high coercivities (suspected to be a GRM). Massif Central set (Table 1) . In all samples ARM intensity has the same order of magnitude as the corresponding NRM, with the exception of samples BC2A and SAL10 that have a stronger ARM maximum intensity (Table 1) .
The ARM normalized decay plot shows a MDF raging between 25 and 38 mT in samples from Hawaii ( Fig. 3a) and between 22 and 34 mT in samples from the Massif Central (Fig. 3b) . Differences in the MDF of ARM are indicative of differences in the grain size of magnetic particles due to the strong influence of grain size on AF demagnetization spectra of ARM (e.g., Dunlop and Özdemir, 1997) . Sample RP3 displayed an increase in magnetization after the 40 mT AF demagnetization step ( Fig. 3b) with an associated NRM direction along the sample's Z direction, which might suggest the acquisition of a Gyro-remanent Magnetization (GRM) in the sample (Stephenson, 1980) . The ARM gradient as a function of applied field shows a fairly symmetric distribution of coercivities ( Fig. 3c and d ). Most specimens show very similar gradients with variations on the intensity and a unique maximum centred around 10-25 mT and varying mainly in peak intensity, suggesting similar characteristics in size of the magnetic carriers. The two exceptions are sample BC2A that displays two local maxima at 2-5 mT and 40 mT and sample RP3 that acquired a GRM after 40 mT of AF field (Fig. 3d) .
The gradient of the ARM demagnetization curve has been modelled using multiple log-Gaussian distributions with the method and software presented by Kruiver et al. (2001) . All samples could be modelled with two coercivity distributions ( Fig. 3e and f) . This comprises a low coercivity component with low intensity and a mean median destructive field of 3.88 ± 0.48 mT and a mean DP of 2.87 ± 0.19 mT, and a second component that dominates the signal with a median destructive field of 24.3 ± 3.4 mT and a mean DP of 1.896 ± 0.046 mT (Table 2) .
SIRM demagnetization by AF
A saturating IRM of 2 T has been applied to six samples from this study in order to study the magnetic behaviour of the harder magnetic fraction. Maximum intensity of the acquired remanence ranges from Table 1 ). The AF demagnetization of the SIRM applied to the samples shows a very coherent median destructive field with values ranging between 21 mT and 44 mT (Fig. 4) with the exception of sample PG43 (Fig. 4b) .
The gradient of the SIRM demagnetization curve is however, more complex than the analogous ARM gradient. For all xenoliths, the SIRM demagnetization spectra are unimodal, but the field at which the spectrum peaks varies from 8 mT for sample SAL 4 to values higher than the maximum applied field (Fig. 4c and d) .
Mathematical modelling of the SIRM demagnetization curves reveals two types of coercivity distributions (Table 2 ). All samples exhibit, i) one low coercivity component with a B 1/2 mean value of 5.4 ± 1.1 mT and a DP of 2.09 ± 0.10 mT and ii) a medium coercivity component with B 1/2 mean value of 25.8 ± 5.4 mT and a DP of 2.042 ± 0.080 mT (Table 2 and Fig. 4e ). Six samples showed an additional high coercivity component peak below the maximum available field and it is characterized by an extrapolated B 1/2 = 79 ± 21 mT and DP = 1.80 ± 0.18 mT (Table 2 and Fig. 4f ).
Discussion
Magnetite has been identified as the main carrier of NRM in mantle xenoliths by thermomagnetic curves (Warner and Wasilewski, 1997) , thermal demagnetization of NRM (Warner and Wasilewski, 1995) or, in samples from this collection, identification of the magnetite Verwey transition by low temperature magnetization curves (Ferré et al., 2013) . Additionally, high concentrations of S have been identified in mantle xenoliths (Guo et al., 1999; Lenoir et al., 2000) and the low temperature pyrrhotite transition has also been detected in mantle xenoliths (Ferré et al., 2013) . Fig. 5 shows direct comparison of AF demagnetization of the ARM and NRM curves can be used as a diagnosis for the physical mechanism of acquisition of remanence in natural samples (see Dunlop and Özdemir, 1997 , for a detailed explanation). This comparison is better applied in samples where one single NRM component is present ( Fig. 5b and Table 1 ). The NRM and ARM are broadly similar, which is consistent with the interpretation of NRM as TRM (Ferré et al., 2013) .
The ARM demagnetization plot can be, therefore be used as a grain size estimator, assuming a weak field ARM can be considered an analog of a weak field TRM (Dunlop and Özdemir, 1997) . The AF demagnetization curves of a weak field ARM can be therefore compared with AF demagnetization of TRM of grain size controlled fractions of magnetite (Argyle and Dunlop, 1990) . The median destructive field of the ARM demagnetization coincides with the PSD grain to SD grain size for pure magnetite at both sites, although slightly larger in the samples from the Massif Central (Fig. 2) .
Additionally, an examination of the SIRM demagnetization helps inferring information about high coercivity magnetic phases. In particular, the SIRM demagnetization curve for sample RP3 plots well above its ARM demagnetization curve. Furthermore, spurious magnetization acquired upon high field AF demagnetization of the ARM suggests acquisition of a GRM (Fig. 5) . A twin sample from this location has been previously analysed by Lorand et al. (2003) , who report the highest S content in mantle xenoliths yet found, with a value of 600 ppm. The increase in the ARM demagnetization plot (Fig. 3) and high S content suggest pyrrhotite might be present in the samples (Thomson, 1990) . However, its contribution to the NRM is still underdetermined (Ferré et al., 2013) .
In previous studies, magnetic properties focussed on hysteresisderived parameters and have been determined only in those samples where only one NRM component has been observed (Ferré et al., 2013) . However, a deeper analysis into the Zijderveld plots reveals that two NRM components are not necessarily correlated to high coercivity phases, but rather to low coercivity grains with different domain state, grain size or stoichiometry (Figs. 3 and 4) . The number of NRM components correlates well with the number of ARM coercivity distributions that fit the ARM gradient ( Fig. 3 and Table 2 ) at least in the samples analysed with AF demagnetization.
SIRM maximum values can be still considered relatively weak ( Table 2 ). The maximum value of 1.3 × 10 −3 Am/kg corresponds to a magnetization of about 4 A/m (assuming a sample density of just over 3000 kg/m 3 ). If the carriers are SD magnetite, for which the saturation remanence is 240 kA/m, this implies a magnetite content of only 0.0016%. TRM acquired in a field of 50 μT for such grains is about 5 kA/m (Dunlop and Özdemir, 1997) . NRMs of these samples are not high enough to represent sources of substantial magnetic anomalies at satellite altitudes. However, they indicate the potential for otherwise similar mantle rocks that have been metasomatized under similar conditions, but somewhat more strongly, to contain higher concentrations of magnetite and thereby carry sufficient magnetization to produce observable anomalies, if present in large volumes. 0.0 Fig. 3 . Analysis of the AF demagnetization of an ARM on selected samples. Normalized AF demagnetization decay plot of a 100 μT DC field with a 100 mT peak field in samples from Hawaii (a) and Massif Central (b), differential magnetization as a function of AF demagnetization peak in samples from Hawaii (c) and Massif Central (d) and modelled coercivity spectra derived from the AF demagnetized ARM using the method of Kruiver et al. (2001) showing representative samples with one main component illustrated by sample PG43 (e) and two components illustrated by sample BC2A (f).
Table 2
Summary of the main parameters of the coercivity spectral analysis of the ARM and SIRM where B 1/2 is the fitted value of the median destructive field and DP is the dispersion parameter (in mT). For each component, the arithmetic mean and the Standard Error of the Mean (SEM) are computed. carriers reveals two distinct groups. Based on theoretical simulations of Heslop et al. (2004) , the low-coercivity component, of low SIRM intensity and well-constrained dispersion parameter and very small median destructive field may be attributable to local-interaction field and thermal relaxation. More sophisticated theoretical models of the coercivity distribution include this component into the theoretical function of the main coercivity distribution of the IRM curve (Egli, 2004) . However, in this study, no empirical experiment can be carried out in order to distinguish an interaction/thermal activation effect from the presence of a physical low-coercivity magnetic population.
The coercivity distribution has a range of median destructive fields of the ARM from 17.78 to 36.30 mT and the MDF of SIRM ranges from 12.54 to 44.67 mT ( Table 2 ). The correlation between ARM and SIRM coercivity components suggests a non-unique grain size distribution of magnetic particles in the upper mantle.
Conclusions
AF demagnetization of NRM in mantle xenoliths shows a complex behaviour with samples that display i) one single component, , differential magnetization as a function of AF demagnetization peak in samples from Hawaii (c) and Massif Central (d) and modelled coercivity spectra derived from the AF demagnetized SIRM by means of Kruiver et al. (2001) showing representative samples with two main components illustrated by sample SAL4 (e) and three components illustrated by sample PB43 (f).
ii) two isolated components, iii) two overlapping components and iv) three components. Comparison of the NRM and ARM demagnetization decay plots confirms the TRM origin of the natural remanence in mantle xenoliths. A deeper analysis of the AF demagnetization of ARM and numerical values of the median destructive field suggests a PSD to SD size of the magnetic particles.
AF demagnetization and further modelling of ARM and SIRM shows the presence of one to two different coercivity distributions that dominate the remanence in samples where also two components are present in the NRM.
Additionally, the AF demagnetization of some samples suggests the presence of a GRM that would be attributed to pyrrhotite.
NRMs of these samples are not high enough to represent sources of substantial magnetic anomalies at satellite altitudes. However, they indicate the potential for otherwise similar mantle rocks that have been metasomatized under similar conditions, but somewhat more strongly, to contain higher concentrations of magnetite and thereby carry sufficient magnetization to produce observable anomalies, if present in large volumes. . Relationship between the MDF of the "soft" and "hard" components of the analysed samples modelled coercivity spectra for AF demagnetization of ARM and SIRM. The error bar is given by the corresponding DP of the coercivity spectra according to Kruiver et al. (2001) .
